The wake recovery downstream of a vertical axis turbine operating in a turbulent channel flow is investigated via detailed velocity measurements using an 
Introduction
With a growing demand for renewable and predictable energy, hydrokinetic energy from fast-flowing water bodies, such as ocean currents and river streams, could play a significant role in future energy strategies [1] . The design of hydrokinetic turbines can be differentiated between horizontal axis turbines (HATs) and The performance of different turbine designs in directly is also influenced by the generation of dynamic stall vortices and their convection within the rotor's swept perimeter which eventually interact back with the blades during the 30 downstream half of the rotation. Brochier et al. [5] identified from water tank experiments how such blade-vortex interaction is characterised by leading-and trailing-edge vortices whose shedding pattern varies with the rotor's rotational speed. Somoano et al. [6] observed a varying wake recovery pattern at different tip speed ratios as a consequence of the vortex dynamics happening within the 35 swept rotor area. With similar scope, Ouro and Stoesser [4] visualised in their large-eddy simulations that at low rotational speeds the blades undergo deep dynamic stall causing a drop in performance, whilst at high rotational speed, above peak performance, the blades lack of lift-generation capabilities to be sufficiently efficient. Therefore, an adequate balance in the interaction of the 40 generated dynamic stall vortices with the moving blades is a key aspect in the development of efficient vertical axis turbines.
Early work on the three-dimensional nature of the wake behind vertical axis turbines was undertaken by Tescione et al. [7] who adopted PIV to measure different planes throughout the turbine's wake. Their phase-averaged results
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indicated the mechanism responsible for the generation of tip vortices as a result of the flow moving over the blade's tip and the low-pressure area on the blade suction side. These large-scale flow structures kept coherent until a distance of two turbine diameters (2D) downstream, over which a vertical expansion was also observed due to the action of tip vortices moving towards the outside of the 50 turbine swept area. Thereafter these rotor-induced energetic structures merge with the low-momentum wake which starts to develop a vertical contraction.
In the mechanisms involved in the wake recovery in the near-wake, vertical
advection of momentum appears to play a relevant role as discussed in Bachant Magnus effect in the near-to-far wake transition which was also observed in the LES of Ouro and Stoesser [10] being this more noticeable at higher tip speed ratios.
Large-scale coherent motion of VATs' wakes were analysed by Araya et al. [11] for different turbine rotors equipped with 2 to 5 blades using spectral analysis and proper orthogonal decomposition. Three regions in a wake were observed: (i) near-wake, dominated by periodic blade vortex shedding; (ii) transitional region, where the shear-layer formed in between the turbine's lowvelocity wake and ambient flow became unstable; and (iii) far-wake, dominated
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by bluff body-like wake oscillations. The wake characteristics appeared to vary depending on the dynamic solidity, a parameter that correlates with the rotor's geometric solidity to the tip speed ratio. Low dynamic solidity values indicated a strong ability of the free-stream flow to penetrate through the rotor while high values of this parameter caused a larger obstruction of the turbine rotor to the 75 flow and thus enhancing bypass flows . Consequently, the larger amount of fluid flowing through the rotor the faster its wake recovers and vice versa.
Apart from dynamic stall as a key characteristic in the wake of vertical axis turbines, other key features in the wake of VATs were found by Tescione et al. [7] who identified a skewed nature of the wake based on the time-averaged 80 velocity distribution far downstream the device. Rolin et al. [12] employed a stereo-PIV technique and observed two pairs of asymmetrical-counter-rotating vortices at the horizontal edges of the wake as a result of a variation in cross-flow momentum. Analogously, Ryan et al. [13] observed that the strength of this pair of vortices is directly related to the turbine's rotational speed.
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The present research provides a detailed insight into the three-dimensional dynamics of the wake developed behind a three-bladed Gorlov vertical axis turbine. Results include first-, second-and third-order flow statistics throughout the wake based on velocity measurements using ADV obtained from 0.75D to 14D downstream of the turbine's rotor, quantification of dynamic stall vortices 90 decay in the near-wake, and velocity deficit recovery in the streamwise direction.
Experimental setup

Laboratory configuration
The experiments were conducted in a recirculating hydraulic flume at Cardiff were post-processed and filtered by removing those samples whose correlation coefficient values were inferior to 70% [17] , and a signal-to-noise ratio (SNR) of > 15 dB was considered. The time-averaged velocity U i = (U, V, W ) is calculated from the measured velocity field u i = (u, v, w) as,
Reynolds decomposition was applied to calculate the root-mean-square (rms) 
The turbulent kinetic energy (k) was calculated from the normal Reynolds stresses as,
Note that from hereinafter u i refers to its time-average value, and all flow variables are normalised with the free-stream velocity U 0 and the rotor diameter D.
Free-stream flow conditions
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The approaching flow is depicted in 
Description of the VAT
A 1:10 scale three-bladed Gorlov-type VAT was placed in the previously The performance of the turbine was calculated from the applied torque (T ) and rotational speed (Ω) monitored over a period of 60s, starting from freewheeling conditions (no torque applied / open electrical circuit) and progressively incrementing the applied torque (increased electrical resistance) until the rotor stalled, i.e. stopped rotating. The turbine efficiency was measured in terms of power coefficient, C p , defined as,
where ρ is the density of water and A = H t D is the rotor's swept area. The performance curve is presented in Fig. 2b in which rotational speeds are normalised by the water velocity and represented by the tip speed ratio λ, defined as,
The highest efficiency was attained at λ = 1.9 with a peak C p value of 0.56. During the wake measurements, the turbine always operated at such peak 145 efficiency conditions, i.e. the rotational speed of the device was kept constant by monitoring and controlling the torque applied to the rotor.
Wake measurements results
The wake behind the operating turbine was measured at several cross-sections located downstream of the device at distances of 0.75D, 1.0D, 1.5D, 2.0D, 2.5D, In accordance with the distribution of U in Fig. 4a , the velocity asymmetry reduces after x/D = 7 − 10 with minima of U above 0.8U 0 .
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The profiles of σ u in Fig. 4b 
Vertical longitudinal plane
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The longitudinal plane along the vertical direction through the centre of the channel is presented in Fig. 6 showing contours of U/U 0 , σ u /U 0 , k/U which enhances the wake recovery for z/D < 0 but this is less intense than the overtopping flow. The difference in wake recovery rate above and beneath the turbine rotor is similar to the behaviour of the wake behind vertical axis wind turbines operating in a boundary layer flow [12] .
In the transitional-wake region, i.e. 2 < x/D < 5, the interaction between 240 the fast-moving water above the rotor and the low-momentum wake area triggers high levels of turbulence as depicted in Fig. 6b and c. Contours of the Reynolds shear stresses −u w /U 2 0 are plotted in Fig. 6d showing an axi-symmetric distribution with respect to z/D = 0. It can further be seen that this shear stress converges to a fairly uniform distribution over the water depth once the far-wake 
Cross-sectional planes
The three-dimensional nature of the turbine wake is further investigated in Fig. 8 
Power spectra
The transition from near-wake to transitional-wake is marked by the role of the dynamic stall vortices in the momentum recovery. The presence of these 315 large-scale turbulent structures are identified in Fig. 9 via Power Spectral Density (PSD) of u-velocity time-series presented. In the calculation of the PSDs, each signal was decomposed into 10 overlapping segments spanning 60s each and a Hann window was applied in order to obtain each of their transformations.
The resulting spectra are the average of these segments. 
Streamwise momentum recovery
The contributors to the replenishment of the momentum deficit behind the turbine as a result of its interaction with the main flow are accounted via the Reynolds-averaged Navier-Stokes (RANS) equation in the x-direction, which reads,
In the present analysis, the flow is deemed stationary in its time-averaged characteristic, the streamwise derivative of the Reynolds stress u u (term III) is 335 discarded due to the relatively large spacing between cross-sections, the pressure term V is omitted as this variable was not measured using ADV, and the last term VII (representing the viscous diffusion) is also omitted due to the highturbulent nature of the flow and thus viscous effects are deemed negligible [8] .
In Eq. 7 the momentum transport terms I, II, IV and V denote y-advection, These results indicate that close to the rotor vertical advection is the key ingredient to recover momentum in the wake, while in the transition from near-
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to mid-wake spanwise advection dominates. Along the mid-wake and over the far-wake, both advection terms have a similar net contribution, which results from the large mixing of the rotor-induced wake with the ambient flow.
Skewness of the turbine rotor's wake
Skewness, or third-order moment, indicates the asymmetry of the probability density function of velocities. Chamorro et al. [20] outlined the importance of flow skewness together with mean velocity and turbulence intensity to determine the available power that can be harnessed by wind turbines. Therefore, it is of particular interest to quantify it in the wake downstream of the vertical axis turbine as it can provide further insights into high-order wake effects towards designing future arrays of turbines. The skewness of the i−component of velocity fluctuations Sk ui is defined as: 
Wake characteristics and recovery
The recovery of the flow along the channel centreline is presented in Fig. 13 , Araya et al. [11] proposed that the location of the near-wake to medium-wake transition, x t , can be approximated by,
where σ D is the dynamic solidity, a parameter that links the design solidity of the turbine rotor (σ, Eq. 4) with its actual tip speed ratio λ, and is calculated as,
For the current study σ D is equal to 0.60 and thus applying Eq. 9 the value of x t is equal to 1.82D which matches well the present observations. Considering − U min (11) in which a and b are 1.168 and 0.684 according to Araya et al. [11] who firstly proposed such exponential decay of the velocity deficit for VATs. Note this Eq. 11 allows to estimate the wake deficit recovery with just measuring U min which is found in the near wake. Fig. 13c shows the velocity deficit attains its 435 maximum value before the transition point x t , and that beyond this location there is a good match between the measured velocity deficit and the exponential fit is fairly good.
Discussion and conclusions
The wake generated behind a vertical axis turbine operating at its peak an empirical exponential distribution.
